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I. Introduction 

There are two different electron microscopes 
that can use Auger electrons for the chemical 
mappmg of surfaces. The scanning Auger micro- 
probe (SAM) is well known. The low-energy elec- 
tron microscope (LEEM) is known for its studies 
of surface structure using elastic backscatter imag- 
ing and LEED diffraction [1,2], but it has not yet 
been applied to the spectroscopic mapping of 
surfaces [3]. This instrument is the surface-imag- 
ing equivalent of a transmission electron micro- 
scope. With the addition of an imaging energy 
analvzer, an inelastic image from charactenstic 
Auger peaks may be selected, and the energy-loss 
spectroscopy techniques used in TEM may be 
applied to surfaces. 

The pnmary challenge in spectroscopic imaging 
IS to acquire adequate image statistics dunng an 
acceptable exposure time. Chemical information 
comes from v.eak peaks within a diffuse back- 
ground of secondary and backscatter electrons. 
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While the contrast may be enhanced by synchro- 
nous detection of'difference signals, the back- 
ground contributes the majority of image noise. 
The critena for the visibility ^ of a chemical 
"feature'^ is that its resolution element (pixel) mav 
be distinguished from an adjacent pixel of differ- 
ent composition. Thus the signal-to-noise ratio of 
a pixel, as a function of resolution, image integra- 
tion time, and total image pixel count, is the 
measure of visibility of a spectroscopic image. 

Both the spatial and the temporal distnbutions 
of surface matenal are of interest, and wide band- 
width for the determination of both is desired. 
Problems arise when both are needed simulta- 
neously, for example when observing epitaxial 
growth or surface diffusion. Spectroscopy of large 
fields allows average composition to be de- 
termined quickly. However, many phenomena also 
depend upon how matenal is distributed, e.g., in 
clusters, monolayers, or concentrations aione 
topographic or crystalline boundanes. Since image 
statistics must be gathered from smaller areas, 
temporal resolution is sacrificed. Thus high spatial 
resolution in a short time mterval is the pnmary 
goal. 

In a scanning instrument, the current in the 
probe decreases rapidly with the probe size (reso- 
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lution), generating less signal in a given time inter- 
val. In a direct-imaging mstrument, the problem is 
reversed. While many pixels may be illuminated in 
parallel, allowmg high currents to be used, it be- 
comes increasingly difficult to efficiently detect 
the signal from each pixel. In an imaging system, 
resolution requirements limit the aperture angle of 
the detection optics. As the resolution improves, a 
larger fraction of the signal is lost. Since image 
statistics ultimately depend upon the number of 
characteristic electrons recorded in the available 
time interval, it is not immediately obvious which 
kind of imaging is more favorable. 

These tradeoffs will be explored in detail First, 
a model for both instruments is proposed. The 
model makes a minimum distinction between 
scanning and imaging configurations, leaving a 
maximum number of free parameters. Optimiza- 
tion techniques for the two instruments are devel- 
oped from the model, and the basic differences are 
pointed out. The final instrument-specific equa- 
tions for signal-to-noise ratio versus resolution are 
evaluated, using numbers reflecting the author's (it 
is hoped) realistic estimation of future design goals. 
The model may be equally well applied to existing 
systems. 



2, The SAM system 

An advanced scanning Auger microprobe for 
high-speed, high-resoluiion mapping, shown in fig. 
1, would probably use a cylindrical mirror analyzer 
(CMA), and a coaxial field emission gun with a 
small conical magnetic objective lens. In order to 
allow Auger electrons to pass into the CMA an- 
nulus. It is usually necessary that the region in 
front of the lens be free of large electnc and 
magnetic fields. This forbids the use of immersion 
lenses which might otherwise be desirable, but 
also allows a wide range of surfaces to be ob- 
served. Viewed as a system, the most important 
instrumental parameters are the current versus 
spot size of the scanning probe and the collection 
efficiency of the CMA at the necessary energy 
resolution. 

To detect a weak signal in the strong back- 
ground, the analyzer energy wmdow is usually 



alternated between the peak and adjacent back- 
ground spectrum. The transmitted beam is nor- 
malized to a beam current reference signal from 
an annular aperture to eliminate field emission 
noise, and then synchronously detected. Spatial 
information is gathered serially, one pixel after the 
other. One example of such an instrument is de- 
scribed in ref. [5]. 



3. The spectroscopic LEEM 

In this work, the term LEEM refers to all 
instruments that use a bidirectional beam cathode 
lens to form direa images of low-energy reflected 
or re-emitted electrons. The spectroscopic or ana- 
lytic LEEM shown in fig. 1 uses a cathode immer- 
sion lens to form a direct, unscanned image using 
characteristic peaks within the secondary emission 
spectrum. When using Auger peaks excited by 
electron illumination, the same cathode lens is 
used to focus illununation on the area of the 
sample being imaged. Thus a two-way beam path 
is used in the objective. A magnetic prism sep- 
arator directs the illumination and imaging beams 
along separate paths from the gun and into the 
magnifying image optics. After magnification and 
energy analysis, the image appears upon an image 
intensifier. Similar to the SAM, the analyzer 
window IS alternated between peak and back- 
ground, so that the final display is the difference 
between signal and background frames. Frames 
are recorded in real time by a TV camera, aver- 
aged and subtracted in an image processor, and 
displayed on a TV monitor. Full field spectra may 
also be recorded by scanning the spectrum while 
summing all pixels in the image frame. Ref. [6] 
describes a design now under construction 

In the LEEM, the specimen is immersed in a 
strong electric field. Low-energy electrons leaving 
the surface are rapidly accelerated to about 20 
keV, forming a virtual image behind the sample 
[7]. The main focusing action occurs dunng accel- 
eration, very near the sample. The refocusing por- 
tion of the objective lens acts upon the accelerated 
beam, forming a real image at the achromatic 
plane of the separator. Such an immersion tens 
has remarkably low aberration because the accel- 
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eraiing lens is physically small. High resolution 
mav be obtained using very large initial takeoff 
angles. This allows the solid angle of collection to 
be much larger than one might expect. Without 
the immersion lens, the SPEC LEEM would not 
be favorable. The pnmary disadvantage is that the 
sample surface forms the most important part of 
the lens, so it must be macroscopically Hat for 
high-resolution imaging. 

The immersion lens is also used to achieve high 
illummation intensity. In contrast to the familiar 
LEEM. which requires parallel illumination for 
diffraction contrast, the SPEC LEEM illuminates 
the sample like a probe-forming system. The il- 
lumination disk is a large aberration figure that 
exactly fills the field of view. The illumination 
optics are tuned to maximize the current density 
in this large spot. Using a thermionic LaB^ elec- 
tron gun, very high illumination currents are pos- 
sible. 

Illumination and imaging beams are apertured 
separately. Both these apertures are chosen 
accordmg to resolution and field-of-view require- 
ments. The image-contrast aperture is placed at a 
plane conjugate to the objective lens back focal 
plane, so that it serves as a virtual aperture limit- 



ing the acceptance angle at the specimen. The 
sample is biased at Auger line energy so that the 
illumination and imaging optics always operate at 
the same energies ( - 23 and 20 keV, respectively). 

In the SPEC LEEM, statistics in each pixel are. 
in principle, independent of pixel count, because 
each pixel is exposed for the full image integration 
time. This is the basic advantage of a full field 
image system, and it is why light microscopes and 
TEMs are more popular than their scanning coun- 
terparts. However, specimen heating. Coulomb in- 
teractions, and collection efficiency effects can 
significantly reduce this advantage. A detailed 
analysis is needed to determine the tradeoffs. At 
the nsk of a complex development, the next sec- 
tion will analyze these tradeoffs. 



4. Detection statistics in an image pixel 

Let A", be the number of true Auger electrons 
that reach one pixel of the final image dunng the 
lime T that this pixel is exposed. Let .V^, be the 
number of unwanted background electrons in the 
same or in an adjacent energy window. If the 
image is the difference between signal and ad- 
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jacent background exposures, then the total noise 
is the quadrature sum of the quantum noise in 
both signals. Let the contrast be NJN^ = where 
for weak Auger hnes on a strong background the 
contrast is much less than one. Using the defini- 
tion of detection quantum efficiency DQE = Q <\ 
as the ratio of the square of actual, to quantum- 
noise-limited signal-to-noise ratio, we have the 
following expression for the square of signal to 
noise in each pixel: 



Signal^ (.\ + .VJ-(^,) = .V3, 



Noise = ( ^ a; + 
(S/NY = KN,Q/1. 



(1) 



Fig. 2 shows an Auger spectrum from the 
surface. Quantum yields for the Auger line 
alone, and for the background are in umis of 
percent per pnm:»ry electron where the hne energy 
is l\ and the incident primary energy is l\ (eV). 
Tne yields refer to the emission into the full 
emission solid angle f?,, and natural linewidth 
A£. The contrast \s K ^ YJY^,. 

The number \ of electrons reaching the detec- 
tor depends upon the product of incident dose 
(electrons/pixel), the net yield and the collec- 
tion efficiency Q Al^/f?, A£ (%). Only half of the 




Fig. 2. Definition of parameters from an emission spectrum. 



total exposure time t is available for collecting the 
iV^ signal electrons, which will be accounted for in 
the yield factor below. The specimen yield factor 
KY^AQ^ IE (percent/sr ■ eV) combines the 
specimen-dependent parameters that contribute to 
the signal-to-noise expression in eq. (1). 

The incident flux is the product of flux density, 
pixel area, and exposure time per pixel. If 5 is the 
size of a resolved pixel, J the current density, t 
exposure time, and e the electron charge, then the 
illumination dose factor is Jrb^/e (electrons/ 
pixel). 

The collection factor QQ (percent • sr • eV) 
is the product of the solid angle Q viewed by the 
detection and imaging optics, and the energy 
window W used in the analyzer. We do not 
assume a prion that this window should be equal 
to the linewidth. The DQE = Q may be thought of 
as an attenuation necessary for the detector to be 
quantum-noise limited. Summarizing the above 
discussion: 



KY. 



^Q, IE e 

yield factor dose factor 

(pcrceni/sr cV) {electrons/pixel) 



X QQ IV 

collecnon factor 
(percent sr • eV) 



electrons \ 
pixel j' 



(2) 



5. Optimizing the instrumenta] conditions 

5. /. Optimizing the yield factor 

For a given imaging task, the yield factor is 
opiinuzed bv the choice of spectral line V (eV) 
and incident illumination energy l\ (eV), which 
should be chosen to maximize the entire factor. 
Contrast is as important as line yield, and in some 
cases a weaker line with relatively less background 
may be favored. Similar considerations apply to 
the choice of incident energy. It also seems desira- 
ble to minimize the total yield Yj of all scattenng 
by appropnate choice of F,. The presence of sub- 
strate peaks adjacent to the line also needs to be 
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considered, as does the possibility of deviations 
from a cosine-distnbuted angular emission. 

5.2. Optimizing the dose factor 

The essential difference between scanning and 
direct imaging appears in the dose factor. If a 
total time T (s) is available for exposure, and a 
field of n^n^n^ pixels is to be resolved, then 
the exposure time t available for each pixel is 



T= T/n\ 



(3) 



for scanmng 
for imaging 

With comparable gun brightness and coherence/ 
current density conditions, the dose factor for 
direct imaging is larger. However, in compar- 
ing the two instruments, there are several factors 
that modify this simple view. In particular, inelas- 
tic imaging places no inherent constraints upon 
the parallelism (coherence) of the illumination be- 
cause secondanes and Augers emerge with an 
angular distribution that is not correlated with the 
narrow cone of illumination. The precise goal of 
the illumination optics is thus to deposit a maxi- 
mum current upon the area being imaged. 

In both systems, the illumination is an aber- 
rated image of a source m the electron gun. This 
source may be charactenzed by a diameter d^. and 
an average brightness B.(r,) (A/cm" • sr) mea- 
sured at sample illumination voltage V, instead of 
at gun voltage. As shown in fig. 3, the illununation 



n I I \i 




1\1A<.K 



optics images this source on the specimen with a 
magnification M,. forming an illumination disk of 
diameter J, and angular divergence a, at the 
sample. If this disk contains a current /^^then by 
the definition of brightness, B, = 47/77 The 
diameter of the disk is given by the expression: 



^M}dl 



(4) 



where Q, Q, are sphencal and chro matic aberra- 
tion coefficients, = \yfV - h/y/l^ = 12 x 
10"^ cm veV is a voltage-independent wavelength 
factor. All parameters above are referred to il- 
lumination voltage V\ even if the beam has been 
decelerated from a higher energy. To optimize the 
current in this spot, we approximately follow the 
development of Mulvey [8]. For larger spots, 
spherical and source size terms dominate. Toe 
equation is expressed in terms of the acceptance 
angle of the j^ptics as seen from the gun. is 
proportional to M.a,. is then maximized to 
accept maximum current from the gun. Then opti- 
mum magnification, aperture angle and beam cur- 
rent may be expressed in terms of the desired 
illumination diameter: 



M 



t.opt 



-0.87J,/t/g, 



2/3 



(5) 



-2/3 



For the scanning system, the dose factor is 
found by setting the illumination disk equal to the 
pixel size d, — 5, so that the average current den- 
sity is y = //5^ For imaging we assume that the 
diameter of the illumination disk is chosen to span 
the diagonal of a nXn field so that J = ^l/^d^ 
with d^ = }/2nd. 

The corresponding dose factors aie foi icaiiniri^ 
Jr6'/e^\.55BJd''/en'QY\ (6a) 



and for imaging 

Jr8'/e<2ASBJn'''d'''/eCy\ 



(6b) 



Fig. 3. Objective lens parameters. 



Although this formulation is correct only for ther- 
mionic gun systems, it may be used to fit field 




68 



LH. Veneklasen / Scanning versus direct imaging emission microscopy 



emission gun data by using an appropnate "re- 
duced brightness" that accounts for gun iens aber- 
rations and Coulomb interactions. This empirical 
value may be calculated from the curves of 
known FE systems [5,9] and applied here. At high 
currents, the reduced brightness falls drastically, 
so that FE illumination is not advantageous in a 
SPEC LEEM. 

It seems likely that stochastic Coulomb interac- 
tions instead of gun brightness will indirectly linmt 
the useable current in a SPEC LEEM. Their effect 
is to degrade resolution approximately linearly 
with the total current in the imaging beam [10). 
The imaging current depends upon the product of 
illumination current and total reflected yield Yj 
from the entire illuminated specimen area. This is 
why it seems desirable to only illuminate the area 
being imaged. It is probably acceptable to ignore 
me coaxial illuminating beam itself, because inter- 
action times are short for electrons travelling in 
the opposite direction. However, image Auger 
electrons move in a cloud of secondanes and 
backscatter with similar velocities. Interaction 
times are longer, and the statistical sample of 
collisions is smaller, giving rise to stochastic inter- 
actions. 

To estimate this effect, let the image current 
= lYj, and assume thai resolution 6 increases 
lineariy with image current with an empirical pro- 
portionality factor k (cm/A). Then the total cur- 
rent in the illumination disk is limited to / < B/k 
for scanning, and to I <^/kYj for imaging. 
Calculating the current densities using the disk 
diameters 5 and /2/i6, the interactions-limited 
dose factors are: 



for scanning Jrb^/e <, 1 .OTd/ekn^\ 
for imaging Jrb'^/e < O.bliTb/ekY^n- 



(7) 



When formulated in this way, the empincal factor 
k for the nonaccelerating portion of the beam path 
may be extracted from the electron beam lithogra- 
phy literature, where the edge slope 5 in a shaped 
beam of size J, has been measured as a function 
of beam current, path lengths and aperture angles. 
Fortunately, the accelerating region is very short, 
and will tentatively be neglected. A complete for- 
mulation for two-way, accelerating, polvchromatic 



beams is unavailable, but should be undertaken to 
determine the limits of the cathode lens LEEM 
system. 

Specimen damage can also limit the useable 
dose. Let the damage-limited dose Z)^^, = Jt (A ■ 
s/cm^ ), so the dose factor for both instruments 
becomes: 



for scanning and imaging JrS^^/e < D^^^S^/e. 



(8) 



Note that this limit is independent of integration 
time, and the product JT for imaging and JT/n~ 
for scanning is constant. With its higher current, 
the imaging instrument is faster, but the relative 
-signal-to-noise ratios depend only upon the collec- 
tion factor when the illumination is limited by 
damage effects. 

5.3. Optimizing for best resolution 

There are two different ways to set imaging 
conditions irKS spectroscopic instrument. When 
sample topography and structure as well as com- 
position are of interest, then high-yield secondar\ 
and backscatter electrons may be used for high- 
resolution images. The illumination optics, energy 
window and aperture angles may be chosen to 
optimize resolution at the expense of dose and 
collection efficiency. For chemical mapping, weak 
Auger lines must be used, and the visibility of 
small features will usually be limited by the signal- 
to-noise ratio. Frequently the ultimate resolution 
cannot be exploited. Facing this situation, ii is 
better to optimize illumination, aperture angles 
and energy window for a realistic resolution goal. 
This section will denve expressions for ultimate 
optics-limited resolution without regard for signal 
statistics. The next section will derive conditions 
that optimize collection efficiency as a function of 
resolution. 

At the low energies V, used in Auger sys- 
tems, ultimate resolution is almost always de- 
termined by the balance of chromatic and diffrac- 
tion terms in eq. (4). In a scanning system, param- 
eters are defined for the illuminating spot K,. 
electron gun energy spread AK,, aperture angle a,, 
and J, = 6. By requinng that 86/3a, = 0, opti- 
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mum aperture angle and minimum resolution are 
^ j determined. The spot current approaches zero as 

the demagnification is increased to reduce the 

effect of fmite source size. The collection factor 
^ Q in the CMA is not influenced by the choice 

of illumination conditions. The energy window is 
^ usually chosen to include the entire line AJ^ = A£, 

; and the analyzer has a fixed acceptance solid 
j angle (sr). For high-resolution conditions for 
) t scanning 

The same basic lens optimization may be ap- 
^ ! plied to the cathode lens of the imaging system 
shown in fig. 3. but the beam energy is the Auger 
I line energy T. and the energy spread is not de- 
termiaed by the source, but rather by the mini- 
mum wi ndow of the analvzer AK^.^. In addition, it 
.g IS possible to derive the aberration coefficients C, 

n and C = V/F in terms of the initial energy and 

1- electnc field strength at the sample F (V/cm) [7]. 

7 These aberrations are derived from the parabolic 

1- ■ trajectories in the accelerating field portion of the 
:y ' immersion lens, and are the lowest aberrations 
:c I possible. Chmelik et al. [11] have shown that for a 
d well designed objective, the actual aberration coef- 

ik I ficients approach these values. Given a very nar- 
)f i row energy filter, one can choose AK^,„ to be low 
1- enough to approach the spherical aberration limit. 

n I We shall assume that spherical and optimized 
ts 1 chromatic aberration terms contribute equally, and 
^s I choose the analvzer 1V^,„ accordingly. With these 
il- ' modifications to eq. (9). the high-resolution condi- 
lions for imaging are: 

ai 

,s a;,, =0.6A\f/K'-Ar^.„, 

' 6L = 2.4A\AK_/P^^^V, (10) 

: :?Ar sv^^^ = \mk,f/v'-. 

\ 

In these equations, one should note that overfilter- 
mg the image to improve resolution allows larger 
aperture angles, and does not degrade the collec- 
tion factor. The very high resolution of cathode 
1, lens arises from the high field strength and corre- 



spondingly low aberration. For a 100 eV line with 
a field strength of 10 kV/mm. C = Q = 10 /xm, 
compared to a few centimeters for a good SAM 
objective. The diffraction limit can onlv be over- 
come by using large angles and low aberrations. 
This emphasizes the importance of high field 
strengths in the LEEM objective. Resolutions of 3 
nm seem possible with suitable samples. 

5.4. Optimizing for best collection efficiency 

In the somewhat lower resolution range where 
spectroscopic LEEM is possible, diffraction be- 
comes negligible and sphencal and chromatic 
aberration terms dominate eq. (4). With the sub- 
stitaiion a-^ AF= v, the expression for resolution 
becomes: 

5--C,V + C/a- AK- 

= c:y'/iv'^c:yiy/v'. (h) 

We want to maximize the collection factor v by 
proper choice of^boih a and AK, while insuring 
resolution 5 is obtained. Considering 6 to be a 
constant, variable v(a. AT) may be maximized by 
differentiating the equation with respect to AK 
and realizing that dy/dlV^O when v is maxi- 
mum. This gives IV as a function of y, which may 
be inserted into the original equation to find the 
dependence of optimum AK a and Q IV as a 
function of resolution. Again using the approxi- 
mations for C,, Q - y/F for imaging: 

AK,p, = 1.08CK5^'- 'Q 

= \mF- -v^'^8'-'^ <1E, 

al^, ^ 0. 628- 62 F- 'S-VV' \ (12) 

52 IV^-rra^ AI^ ^ 2.13r5^ VC^C 

^2A3F'''d' '/y' \ 

These equations give the resolution depenJ^nc: of 
collection factor under optimum conditions. Note 
that when the optimum energy window exceeds 
the natural linewidth A£. the aperture angle a,,pt 
should still be used, but the energy window should 
not exceed A£, because otherv^ise only back- 
ground is increased. The collection factor bcconvjs 
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f2 AK= 1.94F- ^5'^^ A£/V'/^ when 1V>1E. 
Ai 100 nm resolution, typical collection efficien- 
cies are a few percent compared to about 10% for 
a CMA. 
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5.5. Optimizing the detector 



Both systems need in-vacuum amplification to 
detect weak images. SAM systems usually use an 
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electron multiplier or scintillator/PMT combina- 
tion. It is fairly easy to approach DQE = Q = \ 
with these detectors. A SPEC LEEM could use a 
CCD camera or a microchannel plate intensifier. 
To cover the sensitivity range requirements of 
both conventional LEEM/LEED and Auger 
imaging, a channel plate is favored [6]. However, 
if these channel plates are placed directly in the 20 
keV imaging beam, the low secondary electron 
yield of the input face of the intensifier can lead to 
a low DQE. 

The most favorable DQE is obtained when the 
cumulative gam following each successive stage of 
multiplication is substantially larger than one. 
High gain in the first stage is most important. This 
assures that each primary gives a narrow pulse 
height distribution at the output. To fully exploit 
the SPEC LEEM. the intensifier must meet this 
cnierion. Instead of placing the MCP directly in 
the beam, a grainless scintihator that is light-opti- 
nily coupled to a photo catnode/MCP assembly 
s^eLii desirable. Estimates suggest that this kind 
of intensifier can approach Q^l provided that 
the channel plate operates at high gain. 



Scanning SAM 
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The equations for signal-lo-noise ratio versus 
resolution according to the models developed in 
section 4 are given in eqs. (13) and (14). 
The dose factors in brackets are appropnate for 
gun bnghtness, beam interactions and dose-limited 
cases, with the understanding that the smallest of 
the three possible numbers is the dose-lkTuiing 
factor. Ultimate resolution limits are given sep- 
arately. For convenience, the definitions of all 
parameters are given in table 1. To the right are 
listed numencal assumptions to be used in the 
next section. These numbers are not appropnate 
for all systems, but need to be known to use the 
model. 



6. Performance comparison 

This section offers a numerical comparison of 
SAM versus SPEC LEEM based on the model 
above. Table 1 gives the numencal assumptions 
for each parameter. The numbers do not represent 
a specific specimen or existing systems, and each 
number is subject to questions not addressed. The 
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when5'>6^,, = 2-4/C, 

and {Q ^y)^^, - \.SSK,F/y''\ 

and (12 A^)^,, < \ '8' ' /IE V', when 1V,^,> ^E. 
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specimen data is thought to be typical for average 
materials with a few monolayers coverage (3). The 
optical data for both systems are the author's best 
estimate of aggressive but realistic design goals. 
The goal of this numerical comparison is to il- 
lustrate the approximate relationship between the 
two systems subject to vanous limitations, giving 
some mdication of future possibilities. Using 
parameters from specific specimen and svstems, 
one can also use the model to make real compari- 
sons, m which case these results serve as a datum. 

Specimen data is gathered from ref 1?]. which 
gives Auger yields and contrasts for bulk surfaces 
at V\ = 3 keV. They vary from 001^-1^. imply- 



ing cross sections of 10"~'-10"^^ cm". A yield of 
0.001% seems appropriate for a monolayer of a 
typical materia]. A contrast of 10% is possible, but 
is perhaps optimistic for some combinations of 
matenals. The pixel count of 50 x 50 is chosen so 
that the comparison between instruments is not 
too extreme. Beam interaction limitations in the 
imaging system also favor a lower pixel count than 
would normally be used for non-speciroscopic 
SEM or LEEM micrographs. 

Optical aberrations and detector DQE values 
are intentionally optimistic, in order to establish 
future goals. However, the resolution and collec- 
tion efficiency of LEEM objective agree reasona- 
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blv with a real lens design [11]. It is unlikely that 
the aberrations of existing non-immersion SAM 
objective lenses are within a factor of five of what 
is assumed here. The ultimate resolutions of to- 
day's SAM/LEEM systems are about 15 nm in- 
stead of the 9.4 and 2.7 nm predicted here. SAM 
instruments with LaB^ guns may be expected to 
deliver about 0.1 nA at 50 nm instead of the 50 
nA assumed here. It will also be difficult to design 
precise setup catena to insure that optimum con- 
ditions are all met simultaneously. This is largely a 
matter of knowmg the exact behavior of the optics 
from computation. The gun technology required 
for high-dose factors is much simpler in the imag- 
ing mstrument. 

Figs. 4a-4c show the model results for SAM 
and LEEM systems with the numbers given in 
table 1. In fig. 4a. only the gun brightness limits 
ihe dose factor. The ultimate resolution of the 
LEEM IS predicted to be 3.5 x better than the 
SAM because an accelerating immersion lens may 
be used. In the 10-100 nm resolution range of 
practical interest, the signal-to-noise ratio is 10-50 
X higher for LEEM, which would imply 100- 
2^00 X faster image gathering at fixed resolution, 
or 3-5 X better resolution at fixed integration 
time. 

Fig. 4b imposes a beam interaction limitation 
upon both systems. The factor k = 0.083 jumZ/xA 
is derived from refs. [9,10] for similar beam paths. 
Nevertheless, the uncertainly in the interactions 
factor A: should be emphasized; but assuming it is 
correct, the performance of the LEEM is signifi- 
cantly degraded. Subject to the same factor k. the 
SAM results predict better performance than if it 
were brightness limited, so the brightness-limited 
curve from fig. 4a is used for comparison. The 
SPEC LEEM shows approximately 2 > better res- 
olution and 5/:V over the range of interest. A 
factor of 4 faster imaging would be possible. The- 
oretical ultimate resolution is not limited by beam 
interactions because the current may be lowered 
accordingly. 

Fig 4c imposes a dose limit of 100 C/cm" due 
to specimen damage. This is the dose delivered by 
a 1 ^A beam of 1 ^m diameter for - Is. which is 
a fairly ivpicai set of conditions for obtaining full 
field spectra or very-low-resolution Ime scans m a 



SAM. With this severe dose limitation, the relative 
performance of the two instruments depends en- 
tirely upon collection efficiency. However, under 
the conditions assumed here, the SAM system still 
remains brightness limited. It is somewhat super- 
ior at low resolution because of its higher collec- 
tion efficiency, but would take much longer to 
gather the image. In the LEEM, one could de- 
crease the exposure time to match the dose limit, 
but would have to be satisfied with slightly poorer 
image statistics. At very high resolution the LEEM 
retains its advantage. 

In general, it is remarkable that the models 
predict very favorable performance for both in- 
.struments. In today's SAM instruments, line scans 
are usually favored over two-dimensional map- 
ping, because pixel counts are lower and shorter 
integration times may be used. Nevertheless, line 
scans or maps with better than 50-100 nm resolu- 
tion are uncommon, and integration times for 
maps are usually much longer than 100 s. The 
high performance of the SAM modeled here is 
probablv due *lo the combined contributions of 
many favorable assumptions rather than to one 
specific factor. In the LEEM. each of the instru- 
mental assumptions seems to be realistic, but the 
combined conditions will also be difficult to 
achieve. In an optimized situation, relatively small 
fractional deviations all contribute negatively to 
the end result. When many factors are involved, 
these small de\nations multiply to strongly in- 
fluence the end result. 

In fig. 4. the curves scale with the square roots 
of yield, contrast, linewidth, brightness, solid an- 
gles, DQE. and integration time. On the logarith- 
mic scale used, it is relatively easy to shift the 
curves to match different assumption^. When the 
curves for a given specimen and instrument con- 
figuration are known, they may be used to great 
advantage in chcKDSing an optimum setup. This 
procedure works backward from kn.^v " ptc'Ti'^p 
properties and maximum tolerable integration 
lime. One decides upon a tolerable S/S threshold 
for distinguishing between two pixels with differ' 
erxt materials with sufficient statistical confidence. 
From the curves, one can then decide upon a 
reasonable resolution goal. From the op::rr:z';t':op 
conditions and the dose-limiting equations, one 
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may choose the optimum energy window, aper- 
tures, magnifications, illuminated area, pixel couni, 
etc., so that the resolution goal is actually met, 
and so that the collection and illurmnation are 
both optimum. The procedure is systematic, al- 
though It will undoubtedly be iterative. 

In both instruments, the secondary electron 
image may be used to advantage for specimen 
survey and optical setup. This image has high 
yield and contrast for topographic features. The 
elastic backscatter LEEM and LEED modes also 
offer complementar> data. Given energy filtering, 
the LEEM as well as SAM can both offer high 
resolution. In the LEEM, UV-excued PEEM 
imaging may also be used, giving some degree of 
chemical sensitivity from work function variations _ 
[3]. Since focus, stigmation, alignment and aper- 
ture centenng will be difficult at integration limes 
necessary for Auger mapping, these complemen- 
tary, hjgh-bandwidth imagmg modes gain practi- 
cal significance. The product KY^T m the model is 
a constant for a given S/N threshold, so that a 
yield of 10% instead of 0.001% would reduce in- 
tegration times by a factor of lO*^. In a LEEM or a 
field emission SAM, secondary images may be 
obtained at TV rates, allowing real-time adjust- 
ments. This has proven to be an enormous practi- 
cal advantage in mapping work [4], 



7. Additional factors influencing visibility 

Predictions for resolution and visibility are 
dangerous because it is certain that they will not 
be fully realized. In some cases, the specimen may 
be blamed. For example, significantly better SAM 
performance has been demonstrated from very 
thin transmission samples, where background and 
lateral scattering are suppressed. In a scanning 
instrument, the instrumental resolution function is 
convolved with scattenng distributions that de- 
pend upon both the Auger escape depth and the 
penetration depth of the pnmary illumination. 
The latter dependence anses because Augers are 
excited not only by incident electrons, but also by 
backscatiered electrons from below, which are 
generated as the beam is absorbed deeper wuhin 
the substrate. Additionally, there are difficulties 



separating topographic from chemical contrast, 
pariicuarly when the background near a peak is 
non-uniform, or when underlying chemical and 
topographic boundaries are not correlated. These 
"proximity effects" occur because the surface 
Auger yield can come from areas not directly 
illuminated by the beam. 

From this viewpoint, direct imaging may be 
advantageous in some cases. Fig. 5 shows the 
imaging behavior of a thin island of foreign 
material on a uniform substrate when illuminated 
by a scanned versus uniform beam. For scanning, 
the specimen contribution to the resolution func- 
tion is approximately a double Gaussian distnbu- 
tion, with the narrower peak coming from Augers 
directly excited by the priman' beam, and the 
wider peak coming from backscaiters re-emerging 
through the surface. The widths of these two 
Gaussians depends on the Auger escape depth and 
incident penetration depth, respectively. They can 
be of similar amplitudes. When scanned across the 
island of material, an image profile with sharper 
edges and diffuse tails results. The net effect is to 
reduce tTie contrast of closely spaced material 
boundanes. The effect is similar to the proximity 
effect encountered in high resolution E-beam lith- 
ography. 

In the direct imaging case, the illumination 
from above is uniform, and if the chemical fea- 
tures are thin layers on a uniform substrate, the 
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Fig. 5 Proximiiy effects using scanning versus direct imaging 
to map an island of ihin maicnai on a thick substrate 
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backscatier illumination from below is also uni- 
form. The two components of illuminaiion are 
identical as seen from the surface, and the wider 
backscatier Gaussian is missing from the resolu- 
tion function. The image reflects only the effects 
of the Auger escape depth. This difference could 
be important when obser\ing epitaxial growth or 
surface diffusion processes in the two instruments. 

As a final consideration, the possibilities for 
direct imaging of X-ray emissions should be men- 
tioned. In a SPEC LEEM with an immersion 
cathode lens, the collection factor is favorable for 
direct imaging ESCA or XPEEM observation [3]. 
To date, the problem seems to lie in obtaining 
adequate flux density at the sample. If a focused 
flux density L (photons/cm- ■ sec) at the sample is 
available, then the dose factor LT8' may be used 
in the model to predict XPEEM performance. 
XPEEM is discussed in more detail by Bauer in 
ref. [12], aiong with the atjplication aspects of the 
soectroscopic LEENf. 



8. Summary 

A system model for scanning Auger micro- 
probes and spectroscopic direct surface imaging 
microscopes has been developed and used to com- 
pare image statistics versus resolution for chemical 
mapping. Limitations posed by electron gun 
brightness, stochastic beam interactions, and 
specimen damage are considered. Optimum elec- 
tron optical conditions are denved. allowing setups 
10 be directed towards realistic resolution goals 
that can be estimated beforehand. In the SPEC 
LEEM instrument, parallel illumination of many 
pixels allows very high illumination flux. Net col- 
lection efficiency is lower than a SAM, but can be 
remarkably favorable if an immersion lens with 
high field strength is used. At high resolution, the 
imaging energy filter in a SPEC LEEM may be 
used to optimize collection efficiency while en- 
hancing resolution. Surprisingly, overfiltering leads 
to better performance, and in general the optimi- 
zation of both energy window and aperture and 
field strength are shown to be vital. Ultimate 



instrumental resolution and contrast of the SPEC 
LEEM seems to be superior, but predictions are 
subject to sample limitations. In general, the model 
predicts higher resolution and shorter integration 
limes than SAM presently achieves. This is attri- 
buted to a favorable combination of assumptions 
that may be realistic, but are not met in either 
instrument. Due lo parallel illumination and imag- 
ing, the LEEM promises to be faster, but is sub- 
ject to stochastic Coulomb interactions that can- 
not yet be accurately predicted. As is usually the 
case, these theoretical results will have to await 
expenmental confirmation under tightly con- 
trolled conditions. The model ser\es to guide de- 
-sign decisions and to assist in achieving favorable 
setups. If instruments confirming these predictions 
are built, then higher-bandwidth chemical ob- 
servation of surfaces will become possible. 
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